Substantial ozone decreases at the stratopause and in the mesosphere have now been observed by instruments on the NIMBUS 7 solar backscattered ultraviolet (SBUV) and Solar Mesosphere Explorer (SME) satellites during solar proton events (SPE's) of solar cycle 21. Since the ozone depletion was only observed during the SPE's, we believe that increased production of short-lived HO,, species by protons is responsible for the depletion. We find that one-dimensional time-dependent model calculations are close to agreement with the two satellite instrument measurements in the upper stratosphere and lower mesosphere only when the observed ozone decrease as a function of altitude is used in our model calculations. Most of the ozone depletion between 2 and 0.5 mbar (•45 and 55 km) was caused not by direct particle effects, but by the large ozone decreases at higher altitudes allowing increased penetration of ultraviolet to lower than normal altitudes. Our calculations are qualitatively in agreement with the SBUV measurements but tend to underestimate the ozone depletion for pressure levels between 1 and 0.3 mbar (~ 50 and 60 km). The calculated ozone depletions at 0.5 and 0.3 mbar (~ 55 and 60 km) agree fairly well with the observations of SME. The strong solar zenith angle (SZA) dependent depletion that was observed is predicted by the model. Larger SZA's generally reflected larger ozone depletions. However, for SZA's greater than 84 ø during the July 13, 1982, SPE an ozone decrease less than the ozone decrease at 84 ø SZA and 1 mbar (~ 50 km) was predicted by theory and observed in SBUV data. Similar behavior was observed in three other SPE's. As far as we know, this ozone response is the first reported evidence for the much discussed self-healing effect.
INTRODUCTION
Ozone decreases associated with the solar proton event (SPE) that occurred on August 4, 1972, follow approximately the theoretically predicted behavior below 45-km altitude Hourly average proton and electron (where provided) spectra were constructed with a series of exponential energy segments fitted to the data. Ionization rates between 40 and 100 km were then calculated for the protons by the method outlined in Jackman et al. [1980] and for the electrons by the method outlined in Goldberg et al. [1984] . We will not go into the details of the energy degradation calculations but offer this short description: the protons and electrons impinge into the atmosphere isotropically at 35 different angles and degrade their energy following well-known range energy relations. The electron ion pair production was less than 10% of the proton ion pair production during the two SPE's (July 13 and December 8, 1982), where both the electron and proton flux data were available. The electrons are therefore relatively unimportant regarding total energy deposition.
PHOTOcHEMISTRY
The positive ions produced by the solar protons and electrons form ion water clusters and, subsequently, H and OH. The complex ion chemistry leading from the ion water clusters to the HO,` species has been discussed before by Swider and Keneshea [1973] , Frederick [1976] , Crutzen and Solomon [1980] , and Solomon et al. [1981] . Below 70 km, most of the positive ions result in the formation of two HO x species apiece. Above 75 km the HOx produced per positive ion is somewhat less than 2 and is also strongly altitude dependent [Solomon et al., 1983a] .
In this paper we are concerned with altitudes at and below 60 km, and we assume that two HO,` species are produced per positive ion. The major O,` destruction reactions from Table  A1 connected We will not go into the catalytic cycles connected with O,` destruction by HO,`, but refer the reader to Nicolet [1975] 
Increasing the SZA leads to a decrease in the O(XD) concentration and a decrease in the d,•, and subsequently, a decrease in the natural HO,` source, Nao,,. The SPE HO,` source, Sao•, is essentially unchanged during a change in the SZA;
consequently, the influence of the SPE is increased.
MODEL DESCRIPTION
We use two 1D models to study this atmospheric problem. The 1D time-dependent model brings in a more complete chemistry as well as a more realistic portrayal of the atmosphere during an SPE at a particular point. also studies to investigate the details of the very complex interactive photochemical mechanisms ongoing during SPE's. Both models are described in the appendix.
Since most of the observed ozone changes occur when the SZA is greater than 70 ø, the radiation field for a spherical atmosphere in both 1D models must be handled correctly with the use of the Chapman function. We use the formulation of Smith and Smith [1972] in order to evaluate the Chapman function. This Chapman function assumes an exponentially decreasing atmosphere and thus only requires a scale height for the species of interest and the altitude of the point of consideration. The two important species involved in calculating the optical depth in this region of the atmosphere are O2 and 03. The scale height for O2 is about 7 km and the computed scale height for 03, using the ambient measurements of NIMBUS 7 (SBUV) and the Solar Mesosphere Explorer (SME), is 5.5 km. An exponentially decreasing 03 is a good assumption in the upper stratosphere and lower mesosphere. The solar flux at any point can be calculated using It is readily seen that any changes in N(O3) can cause extremely large changes in the solar flux at the point of interest, especially for large SZA's. In Table 1 we compare the ozone from the two models to the observations by both the NIMBUS 7 (SBUV) and the SME satellites. We compare a base run of both models to ambient ozone values observed. The 1D time-dependent model has a height grid based on pressure, whereas the 1D photochemical model has a height grid based on altitude. The two models agree fairly well with each other, especially at altitudes of 55 and 60 km (•0.5 and 0.3 mbar), where it is assumed that the region is photochemical. The two models agree less well at lower altitudes, but part of that difference is because the ozone values are shown at slightly different altitudes. Other differences between the two models include (1) the 1D time-dependent model is imbedded in a two- 
MODEL RESULTS
We use the 1D time-dependent model to calculate the fraction of ozone remaining at four pressures, 2.24, 1.27, 0.54, and 0.31 mbar, for the July 13, 1982, SPE. The HO,, production from the solar protons is assumed to be equal to 2 times the ion pair production. The NOx production from the solar protons is assumed to be equal to 1.25 times the ion pair production. We set the latitude at 68.7 ø, so the maximum SZA on July 13 would be at 89 ø. The maximum proton intensity in the July 13, 1982, SPE occurred at about 1700 UT. In order to maximize the effect of the SPE, we required the maximum intensity of the SPE to coincide with local midnight (maximum SZA). The requirement implied that the longitude of interest was 105øE.
In Figure 1 we present the results of this calculation. First a run was completed for days July 12-14, 1982, in which no solar protons were present. This run was called the "quiescent run." Subsequent runs were compared by taking the ratio of the ozone values of "perturbed runs," which had solar protons included, to this quiescent run. The dash-dot line represents the results of a perturbed run that is totally self-consistent. The ozone depletion above a point comes solely from the computation of ozone decrease arising from the model results. The solid line represents a computation that is not selfconsistent but is probably more realistic because it includes the large ozone changes observed. The ozone depletion above each point comes from observations using the NIMBUS 7 (for 2-0.5 mbar) and SME (for 0.3 mbar on up) satellites.
In Figure la for a pressure of 2.24 mbar the totally selfconsistent run shows only a slight decrease during the SPE (note the small range of the ordinate scale). In the more realistic run a decrease is obtained commencing with the start of the SPE. An upturn was computed beginning in the evening hours of July 13 and peaking in the early morning hours of July 14. The amount of ozone actually reaches a value that is larger than that calculated in the quiescent run. This effect is referred to as self-healing, where the ozone amount at a point is increased due to an ozone depletion above, and will be discussed later.
The totally self-consistent perturbed run (represented by the dash-dot line) in Figure lb for a pressure of 1.27 mbar shows only a slight decrease during the SPE. The more realistic perturbed run, explained above, shows close to a factor of 10 larger decrease. Note the slight kink in the solid curve in the late evening hours of July 13. This is probably also related to the self-healing effect.
The more realistic run for 0.54 mbar given in Figure lc again shows a much larger ozone decrease than that calculated in the totally self-consistent perturbed run. A similar pattern is present in Figure ld for 0.31 mbar, but not to the extent obtained for the other three pressure levels. Note that most of the ozone depletion occurs during the time of the SPE itself. At these heights HOx is the dominant species in determining the ozone amount and has a lifetime on the order of hours. It was concluded and verified that the solar proton production of HOx was the dominant mechanism for ozone depletion. The slight amount of residual ozone change at the beginning of July 15, computed for all four pressure levels with the 1D time-dependent model•, is the decrease in ozone resulting from the longer lived NOx species that were also produced during the SPE.
Since the 1D time-dependent model is a computation for one geographic point over the entire time of the SPE, it is difficult to relate this computation directly to the observations by the two satellites, NIMBUS 7 and SME. The two satellites observed the same geographic point at the very high latitudes approximately every 12 hours, because these latitudes are sunlit 24 hours a day in the summer. Most of the protons associated with the July 13, 1982, SPE interacted with the earth's atmosphere in a time less than 24 hours; therefore such a direct comparison was difficult. We use results of this model in conjunction with results of the 1D photochemical equilibrium model to discuss the ozone behavior during this SPE.
We now consider the observations of the two satellites.
There have been enough data from these satellites to define a On these same graphs we present our results from the 1D photochemical equilibrium model. We use the ion pair production rate at the maximum of the SPE in these model studies. The HO•, production due to the SPE (2 times the ion pair production) is simply added to the ambient HO•, production and is assumed to be constant. This assumption results in an overestimate of the ozone depletion from the model calculations.
The NO•, production due to the SPE is added in a simplified manner. Since NO•, has a long lifetime compared with the duration of the SPE, the NO•, enhancement is calculated by multiplying the NO•, production rate (1.25 times the ion pair production rate) times 12 hours (an assumed average time of maximum intensity for the SPE) and adding this value to the ambient NO. Even with this crude approximation, which overestimates the NO•, produced during an SPE, the ozone decrease due to SPE NO•, production is never more than 0.3% at any altitude for any SZA during the July 13, 1982, SPE.
Since there is an observed 03 decrease due to the SPE as a function of SZA and height, we use the observed 03 decrease (as we did in one of the perturbed runs with the 1D timedependent model) to get out more realistic photodissociation rates for both 03 and 02. With this approach the 1D photochemical equilibrium model was employed to derive the lines given in Figure 2 . The maximum decrease predicted is about 1% at 45 km (~2 mbar), 5.5% at 50 km (~ 1 mbar), 12% at 55 km (~0.5 mbar), and 28% at 60 km (~0.3 mbar). These results can be compared with the maximum ozone decreases Ozone receives a significant contribution to its photodissociation rate from solar fluxes above 296 nm, and at increasingly larger SZA's this contribution is increased even more as the Hartley continuum contribution is reduced. Therefore near the stratopause at the highest SZA's, changes in ozone above a certain altitude will not substantially influence the ozone photodissociation rate at that altitude. These changes in ozone will, however, substantially influence the molecular oxygen photodissociation rate, as it has no photodissociation above wavelengths of 250 nm.
One good way to examine the behavior of the photodissociation rates (J coefficients) for 02 and 03 is to graph a ratio of the rates before and after a change in N(O3). We do this with the use of our 1D photochemical equilibrium model. The ratio is found by dividing the J's calculated assuming a July 13, 1982, SPE-related O3 decrease above the altitude of interest by the J's calculated assuming a quiescent state of the atmosphere. These ratios are given in Figure 3 for At 50 km (-,• 1 mbar) our 1D photochemical equilibrium model predicts a maximum ozone depletion at an SZA of 84 ø and significantly less depletion at 88 ø. Our 1D time-dependent model shows a change in shape between 85 ø and 89 ø SZA at 1.27 mbar, which is probably connected with self-healing. Also, in the 1D time-dependent model the maximum SZA does not necessarily correspond to the SZA at which the maximum depletion occurs. This holds true in spite of the fact that the maximum ionization rate occurs at the maximum SZA. At 1.27 mbar, for instance, the maximum ozone depletion occurs at an SZA of 80 ø. There is scatter in the SBUV observations at 1 mbar but the maximum ozone depletion does occur at an SZA of about 84 ø (shown in Figure 2b ). This is our best evidence of the reality of self-healing, observationally.
Normally, ozone profiles from SBUV are calculated only to a maximum SZA of 86 ø, primarily because the accuracy of the total ozone retrieval cannot be guaranteed for higher SZA's.
In order to verify the model prediction of a self-healing effect at 88 ø SZA, we extended the SBUV ozone profile retrieval to 89 ø SZA for the July 13 and December 8, 1982, SPE's. The profile retrieval incorporates a spherical shell atmosphere model, so the profiles should be fairly accurate; more important, the ratio of ozone during the SPE to the non-SPE ozone should be quite accurate. These results for an 86ø-89 ø SZA zone are plotted in Figure 2 .
A rather large increase in ozone depletion is predicted by the 1D photochemical equilibrium model between SZA's of 70 ø and 88 ø at 55 km. However, the amount of predicted ozone decrease is reduced at SZA's above 88 ø. SBUV observations at 0.5 mbar show a similar enhancement of ozone depletion between 70 ø and 84 ø but then show a trailing off with only a slight increase in ozone depletion between 84 ø and 87 ø (shown in Figure 2c ). At 50 km (Figures lb and 2b) , 55 km (Figures lc and 2c) , and 60 km (Figures ld and 2d) both models tend to underpredict the ozone depletion observed by SBUV. The 1D photochemical equilibrium model predictions tend to be quite close to the SME observations at most SZA's for altitudes of 50, 55, and 60 km. The model results and observations therefore appear to be in fair agreement as long as the observed ozone depletion is used in the model calcula- We have also put the necessary parameters for this SPE into our 1D photochemical equilibrium model, namely, the ambient ozone up to 90 km, the ozone decrease seen during the SPE, and the maximum ion pair production using Solar Geophysical Data (1970) and our proton degradation method. Again our model ozone decrease predictions are lower than the ozone depletions observed. At 55 km the model predicts an ozone decrease of 33%, whereas the observations indicate a 53% depletion. At 60 km the model gives a depletion of 34% and the observations give 68%. The January and September 1971 SPE's were also observed to produce an ozone depletion at fairly large SZA's (75ø-80ø). The ozone depletion predicted with our model is, again, smaller than that which is observed.
SENSITIVITY STUDIES
A rather extensive sensitivity study was undertaken by McPeters et al. [1981] to investigate the possibility of obtaining a larger ozone depletion for a given ionization rate, and will not be repeated here. In this study we obtain essentially the same result as that given in our earlier paper in spite of some changed reaction rates between the Hudson and Reed [1979] reaction rate list and the National Aeronautics and Space Administration [1983] reaction rate list. The result is at I mbar a totally self-consistent model calculation for ozone depletion resulting from an SPE underestimates by a substantial amount the ozone depletion actually observed via a satellite measurement.
One of the significant conclusions of this paper is that the ozone decrease above a point can cause an ozone decrease at that point. Thus using a more realistic model, which contains the ozone depletion measurements above a particular point as part of the calculation, we obtain an ozone depletion prediction at that point which is closer to the observations. Since some of the species are fixed in our 1D model computations, we performed several sensitivity studies with the use of the 1D photochemical equilibrium model. We varied the amounts of certain species in these studies. In particular, we halved H20, NO, and CI,, and doubled H20 , NO, and CI,, in six separate runs. The ozone changed in the quiescent state for each of the runs; the ozone increased for the halved H20, NO, and Clx cases, and the ozone decreased for the double H20 , NO, and Clx cases. In certain cases the quiescent state ozone changed by a substantial amount, up to 30%. In comparing these sensitivity runs at 50 km the ozone is decreased at an SZA of about 84 ø by a range of 4-6.5%. The observations of ozone depletion by NIMBUS 7 (SBUV) show a decrease of about 12% at this SZA.
We also performed a sensitivity study of the scale height used in computation of the Chapman function for ozone. We used both a 3.5-and a 7.5-km scale height in two sensitivity runs. Although the quiescent ozone was changed slightly at the very highest SZA's, the computed ozone decrease was changed very little.
We thus conclude that our computations are fairly robust and conclusions fairly valid for most species' changes and ozone scale height changes. An ozone depletion from a selfconsistent model calculation more in agreement with the satellite observations could probably be found by varying reaction rates and species' concentrations within their uncertainties. It is doubtful, however, that the solution would be unique or, more important, correct. [Schoeberl and Strobel, 1978] , it would take a significant change in the ozone over a day to decrease the temperature perceptibly. We have looked at National Meteorological Center (NMC) temperature data during the July 13, 1982, SPE, the largest of solar cycle 21, and observe no detectable temperature decrease at 0.4, 1, and 2 mbar, consistent with our reasoning.
We have also performed a calculation to determine the effect of ozone depletion on the ambient temperature field at 50 km. From Figures 2 and 4 it is clear that most of the ozone depletion occurs at SZA's greater than 70 ø. We used the energy relations in Blake and Lindzen [1973] and made the assumption that 10% of the ozone is depleted for SZA's greater than 70 ø, with 5% being depleted at SZA's less than 70 ø. We calculated that there would be at most of 1.1øK cooling for July 13 over the course of 24 hours when compared to a 24-hour period with no ozone depletion. This calculation represents an upper limit of the amount of ozone depletion during the July 13, 1982, SPE and also includes no increased heating effect due to the increased ultraviolet field from decreased ozone above. Therefore this calculation would overestimate the difference in temperature between a perturbed and an unperturbed day.
Reagan et al.
[1981] calculated a temperature decrease of only 2.2øK at 50 km during the August 1972 SPE (which produced ionization rates at least an order of magnitude larger than the July 13, 1982, SPE at 50 kin). Our calculation of, at most, a 1.1øK temperature decrease at 50 km is certainly not unreasonable. The joule heating by the protons will also be negligible. Banks [1979] showed that even for the intense August 1972 SPE, there was less than 0.5øK/d joule heating for all altitudes below 60 km.
At altitudes higher than 50 km the cooling calculated is similar to that at 50 km. For example, at 55 km (-•0.5 mbar)
we calculate at most a 1.0øK cooling, and at 60 km (-•0.3 mbar) we calculate at most a 1.6øK cooling. Other SPE's during solar cycle 21 were all smaller than the July 13, 1982, SPE; thus even smaller temperature perturbations would be predicted for these SPE's. The SZA-dependent depletion is qualitatively reproduced by th/• models during the July 13, 1982, and December 8, 1982, SPE's. In most cases the total amount of ozone decrease observed by NIMBUS 7 (SBUV) is larger than that predicted by our models for altitude 50-60 km, even when the observed ozone depletions at higher altitudes are included in the models. The total amount of ozone decrease observed by SME is about the same as that predicted by our models for altitudes 50-60 km, when the observed ozone depletions are used to supplement the models. In spite of the differences between the observations from the two satellites, we can conclude that a totally self-consistent model predicts significantly less ozone depletion than that observed at 50 and 55 km. This failure may be related to the ozone balance problem noted recently in the literature [Solomon et al., 1983c; Crutzen and Schmailzl, 1983 ] for these altitudes. Solution of the species at each grid point is the same as that described by Guthrie et al. [1984] , and the reactions and rates used are given in Table A species is fixed to measurements, and the N:O, which is the major producer of NO,, in the stratosphere, is fixed to measurements. Since the SPE's studied occur at high latitudes in the summer, it is assumed that the NO,` flow down from the thermosphere is a small influence on the total NO,` in the upper stratosphere and lower mesosphere. Model calculations [Solomon et al., 1982; Frederick and Orsini, 1982; Garcia and Solomon, 1983] indicate that NO,` downward transport from the thermosphere at the high latitudes will have significant effects in the upper stratosphere during the winter, but practically no effect will be observed during summer. •'Spin conservation is not violated. O2(•A)is assumed to quench to O2rapidly.
ONE-DIMENSIoNAL
:•The product CH 3 is not a computed species. {}A pressure dependence is given in Table 1 Table A3 in the model to derive photodissociation rates as a function of altitude for the ambient atmosphere. These were taken from NIMBUS 7 (SBUV) and SME measurements. For some perturbed atmosphere runs the 03 values were changed commensurate with observed 03 decreases.
The reactions and rates used in this model are given in Table A1 . For this model we use a subset of these rates, which includes reactions (R1)-(R7) and ( that photochemical equilibrium exists for each species. The several analytical formulas relating each species to the others are solved using an iterative procedure until the densities for all species are unchanging to one part in a thousand from one iteration to the next.
